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SUMMARY 

An experimental  investigation was conducted to  evaluate  the  friction and 
wear characterist ics of wire-brush s k i d s  fabricated from 17-7 PH stainless- 
s t ee l  wire. The testing technique  consisted of towing the s k i d s  w i t h  a ground 
tes t   vehicle  over asphalt and concrete  surfaces  at ground speeds up t o  80 km/hr 
(50  mph)  and bearing  pressures up to  689 kPa (100 ps i )  over sliding  distances 
up to  1585 m (5200 f t )  . 

INTRODUCTION 

Research programs t o  improve the  stopping performance of a i rcraf t ,   par t ic-  
ularly under slippery runway conditions, have indicated a need to  explore new 
braking  concepts  capable of assuring  adequate  braking and a i r c ra f t   s t ab i l i t y  
during  landing and rejected take-off operations. Reference 1 describes a wheel 
and s k i d  landing-gear  concept i n  which the  conventional  brake is replaced by 
one or more wire-brush s k i d s  and has potential   application  to  aircraft  whose 
operations  are almost exclusively i n  adverse  weather. However, for  spacecraft 
returning  to  Earth, a landing  gear  featuring  only s k i d s  may be more appropri- 
ate.  Without t i r e s  and wheels, t h i s  l a t t e r  approach could  require  less  storage 
volume, could be simpler and l ighter  i n  construction, and could be made  of 
materials  capable of withstanding  the  reentry environment. These conditions 
would negate  the need for  thermal  protection. With  s k i d s  alone,  the space- 
c ra f t  could  land on a variety of  runway surfaces, wet or dry, and require 
shorter  stopping  distances. Such a landing  system, however, places  severe 
demands  on the shock s t rut ,   requires  new steering  techniques, and suffers 
f rm the  lack of design and operational  experience. 

S k i d  research was conducted i n  the  ear ly   s ixt ies  by NASA ( ref .  2)  and 
others  (refs.  3 t o  6 ) .  I n  reference 2 the  friction-speed  relationship of 
wire-brush s k i d s  appeared more desirable  than  that of f la t -p la te  s k i d s .  
However, those  studies were made a t   r e l a t ive ly  low skid  bearing  pressures 
(1 52  kPa (22  ps i )  i n  ref.  2) . For s k i d s  t o  be appropriate  as a landing  gear 
for  spacecraft and as a brake  replacement for   a i rcraf t ,   the  s k i d s  m u s t  operate 
a t  considerably  higher  bearing  pressures  since  weight and available volume is 
restr ic ted.  I n  addition,  the s k i d s  mus t  be capable of developing  the  necessary 
drag to  stop  the  vehicle w i t h i n  defined limits, mus t  have  good wear-resistant 
properties, and m u s t  cause minimum runway surface damage.  The purpose of t h i s  



i n v e s t i g a t i o n  was to e x t e n d   t h e s e   e a r l y   f r i c t i o n  and wear s tudies   on   wi re-brush  
s k i d s  to b e a r i n g   p r e s s u r e s   c o n s i s t e n t   w i t h   t h e   p o t e n t i a l   n e e d s  of c u r r e n t   a n d  
f u t u r e  a i rc raf t  and spacecraft. 

Labora tory   s tud ies   conducted   on  a number of wire types and reported i n  
r e f e r e n c e  1 i d e n t i f i e d   s e v e r a l  wires t h a t   w o u l d   b e   s u i t a b l e   f o r  use i n   t h e  fab- 
r i c a t i o n  of a s k i d .   F o r   t h e   p u r p o s e   o f   t h i s   i n v e s t i g a t i o n ,   s k i d s  were f a b r i -  
cated from wire s e l e c t e d   o n   t h e  basis of good f r i c t i o n  and wear c h a r a c t e r i s t i c s  
combined   w i th   ava i l ab i l i t y   and  law cost. The s k i d s  were t e s t e d   o n   a s p h a l t   a n d  
conc re t e   su r f aces   unde r   bea r ing   p re s su res   o f   345  , 51 7 , and  689  kPa (50,  75,  and 
100 psi)  over  a speed  range of 32 to 80 km/hr (20 to 50 mph) . Measurements 
were made o f   s k i d   f r i c t i o n  and   wear   over   s l id ing   d i s tances  up to 1585 m 
(5200 f t )  , and  an attempt was also made to d e t e r m i n e   t h e   e x t e n t  of runway 
s u r f a c e  damage due to s k i d   o p e r a t i o n s .  

APPARATUS AND TEST  PROCEDURE 

S k i d s  

F r i c t i o n   a n d  wear tests were conducted on f o u r   w i r e - b r u s h   s k i d s   f a b r i -  
c a t e d  from two wire s i z e s .   F i g u r e  1 is a photograph  of   the tes t  s k i d s   b e f o r e  
and a f t e r   t e s t i n g  and t a b l e  I lists t h e i r   s i g n i f i c a n t   c h a r a c t e r i s t i c s .  Also 
i d e n t i f i e d   i n   t h e   f i g u r e  and i n   t h e   t a b l e  is a f l a t - p l a t e   s k i d   w h i c h  was t e s t e d  
on a l imi t ed   bas i s   fo r   compar i son   pu rposes .  The w i r e - b r u s h   s k i d s   d i f f e r e d   i n  
the   d i ame te r   o f   t he  wire and i n   t h e   s i z e  of t h e   i n d i v i d u a l   b u n d l e s  or knots .  
The wire d i a m e t e r s  were 0.76  and  0.51 mm (0.030  and  0.020  in.)  and  the  diame- 
ters o f   t h e   k n o t s  were 9.5  and  4.7 mm (0 .38   and   0 .19   i n . ) .   I n   a l l  cases, t h e  
wire was 17-7 PH s t a i n l e s s  steel, h e a t   t r e a t e d  to s p r i n g  temper (Cond. T H I I )  , 
w i t h  a d e n s i t y  of 7670 kg/m3 (0.277  lbm/in3) . This  wire was chosen  because 
of  i ts f a v o r a b l e   f r i c t i o n   a n d  wear c h a r a c t e r i s t i c s   d e t e r m i n e d   f r o m   l a b o r a t o r y  
tests d e s c r i b e d   i n   r e f e r e n c e  1 and  because  of its r e a s o n a b l e  cost. I n  con- 
s t r u c t i n g   t h e   s k i d ,   h o l e s  were d r i l l e d   i n t o  a 1.59-cm- (0.625-in.-)   th ick 
a luminum  backing   p la te   and   the   appropr ia te  number of wires were p o t t e d   i n t o  
each   ho le   wi th  a h igh - t empera tu re   po t t i ng  compound.  The h o l e s  were 9.5 c m  
(0 .38   i n . )   i n   dep th  and e i t h e r   9 . 5  or 4.7 mm (0.38 or 0 . 1 9   i n . )   i n   d i a m e t e r ,  
depending   on   the   s ize   o f   the   knot   employed .  The f r e e   l e n g t h  or trim l e n g t h  of 
t h e  wire prior to t e s t i n g  was 5.08 cm (2 .0   in . ) ,   and   the   envelope   of   the  wire 
c o n t a c t  area f o r   t h e   s k i d s  was mainta ined  a t  approximately  12.4 cm wide by 
33.3 cm long  (4.9  in.   by  13.1  in.) .  The f l a t - p l a t e   s k i d  was fab r i ca t ed   f rom 
AIS1 type 416 s t a i n l e s s  steel wi th  a d e n s i t y  of 7750 kg/m3 (0.28  lbm/in3) 
annealed to Condi t ion  A. The f l a t - p l a t e   s k i d  was 19 c m  (7 .5   in . )   long ,   7 .6  c m  
(3.0  in . )   wide,   and  1 .27 c m  ( 0 . 5   i n . )   t h i c k  to p r o v i d e  a b e a r i n g   a r e a   w i t h   a n  
aspect r a t io  comparable to t h a t   o f   t h e   w i r e - b r u s h   s k i d s .  

Tes t   Su r f  aces 

T e s t s  for t h i s   i n v e s t i g a t i o n  were conduc ted   on   t he   a spha l t  and c o n c r e t e  
s u r f a c e s   a v a i l a b l e   o n   t h e   l a n d i n g   r e s e a r c h  runway a t  t h e  NASA W a l l o p s   F l i g h t  
Center .  The a s p h a l t  test s u r f a c e  had a smooth  sand f i n i s h  and was 396 m 
(1300 f t )  i n   l e n g t h .  The c o n c r e t e  tes t  s u r f a c e   c o n s i s t e d  of two s e c t i o n s  - 
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one   wi th  a b u r l a p - b e l t   f i n i s h  and t h e   o t h e r   w i t h  a c a n v a s - b e l t   f i n i s h .  Each 
c o n c r e t e   s e c t i o n  was approximate ly  152 m (500 f t )  i n   l e n g t h  and a test on t h e  
c o n c r e t e   s u r f a c e   i n c l u d e d   b o t h   s e c t i o n s .  The t e x t u r e   o f   t h e   c o n c r e t e   w i t h   t h e  
b u r l a p b e l t   f i n i s h  was much coarser t h a n   t h a t   o f   t h e   c o n c r e t e   w i t h   t h e   c a n v a s -  
belt f i n i s h  or t h e   a s p h a l t   s u r f a c e  as i n d i c a t e d  by  measurements  taken  of  the 
a v e r a g e   t e x t u r e   d e p t h   o f   t h e   d i f f e r e n t  surfaces u s i n g   t h e  grease sample tech- 
n i q u e   d e s c r i b e d   i n   r e f e r e n c e  7. The a v e r a g e   t e x t u r e   d e p t h  was 0.455 mm 
(0.0179 i n . )   o n   t h e   b u r l a p - b e l t   f i n i s h ,  0.254 mm (0.0100 in . )   on   the   canvas-  
belt f i n i s h ,  and 0.244 mm (0.0096 i n . )   o n   t h e   a s p h a l t   s u r f a c e .  

Ground Test Veh ic l e   and   In s t rumen ta t ion  

The  ground test v e h i c l e   u s e d   i n   t h i s   i n v e s t i g a t i o n  is shown i n   t h e   p h o t o -  
graph  of f i g u r e  2 and a c loseup   o f   t he  test f i x t u r e  mounted a t  t h e  rear of t h e  
v e h i c l e  is p r e s e n t e d   i n   f i g u r e  3 .  The s k i d s  were a t t a c h e d  to a dynamometer 
which was ins t rumented  to measure   the  applied v e r t i c a l  load on   t he   sk id   and  
t h e  drag load   deve loped  when o p e r a t i n g  on t h e  runway test s u r f a c e s .  The  dyna- 
mometer, i n   t u r n ,  was mounted i n   t h e  test f i x t u r e   w h i c h  was equipped with  pneu- 
matic c y l i n d e r s  for r a i s i n g  and  lowering  the s k i d s  o n t o   t h e  test s u r f a c e  and 
f o r   a p p l y i n g   t h e   v e r t i c a l   l o a d  to a c h i e v e   t h e   d e s i r e d   g r o u n d   b e a r i n g   p r e s s u r e .  
The s k i d s  were r e s t r a i n e d   i n  yaw b u t   f r e e  to move s e v e r a l  degrees i n   b o t h  p i tch  
and roll to accommodate  minor s u r f a c e   i r r e g u l a r i t i e s ,   s u c h  as e x p a n s i o n   j o i n t s .  
An i n s t r u m e n t e d   t r a i l i n g   w h e e l  ( f i g .  3 )  towed by the  ground  vehicle   measured 
both   g round  speed   and   the   d i s tance   t rave led .   Cont inuous  time h i s t o r i e s  of t h e  
o u t p u t s   o f   t h e   i n s t r u m e n t a t i o n   d u r i n g   t e s t i n g   w e r e   r e c o r d e d  by a n   o s c i l l o g r a p h  
mounted i n   t h e  test v e h i c l e .  

Test Procedure 

The t e s t i n g   t e c h n i q u e   c o n s i s t e d  of making a number o f  passes a t  a c o n s t a n t  
speed wi th  a s k i d   s l i d i n g   a l o n g   t h e  runway s u r f a c e  and  monitor ing  the t es t  d i s -  
t a n c e ,   t h e   s p e e d ,   t h e   v e r t i c a l   a n d  drag l o a d s   o n   t h e   s k i d ,   a n d   t h e   e x t e n t  of 
s k i d  wear. Dur ing   the  course of  a tes t ,  t h e   g r o u n d   v e h i c l e  was brought  to t h e  
d e s i r e d  t es t  speed   and   the  s k i d  was lowered o n t o   t h e   s u r f a c e  and  allowed to 
s l i d e   f o r   a p p r o x i m a t e l y  396 m (1300 f t )  under the  p r e s e l e c t e d  applied v e r t i c a l  
load. Wire-brush s k i d  wear was o b t a i n e d  by removing t h e  s k i d  from t h e  test 
f i x t u r e   a f t e r   e a c h  pass, c l e a n i n g  it of d u s t  particles, and  measuring  the 
weight   and  the wire trim l e n g t h s .   T h i s   p r o c e d u r e  was r e p e a t e d   o n   t h e  same 
s k i d  under   the same tes t  c o n d i t i o n s  for as many as fou r  passes. 

Each  wire-brush s k i d  was tested o n   a s p h a l t  and c o n c r e t e   s u r f a c e s  a t  bear- 
ing p r e s s u r e s   o f  345, 51 7 ,  and 689 kPa (50,  75, and 100 ps i )  . The bea r ing  
p r e s s u r e s   o f  t h i s  i n v e s t i g a t i o n  were n e t   b e a r i n g   p r e s s u r e s   i n   t h a t   t h e y  were 
determined by d i v i d i n g   t h e   v e r t i c a l   l o a d   o n   t h e  s k i d  by t h e  area i n   a c t u a l  con- 
t ac t  w i t h   t h e   s u r f a c e .   I n   t h e  case of the   w i re -b rush  s k i d s  t h i s  area was t h e  
total  c r o s s - s e c t i o n a l  area of a l l  t h e  wires t h a t   c o n s t i t u t e d  a s k i d .  

A separate wire-brush s k i d  was used for each   bea r ing   p re s su re   and  for each 
ground  speed  on  the t w o  test s u r f a c e s .  L i k e w i s e ,  a separate f l a t - p l a t e   s k i d  
was used for each of t h e   t h r e e   b e a r i n g   p r e s s u r e s   o v e r   t h e   r a n g e  of ground 
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speeds   on   a spha l t ,  and   another   sk id  was used,  a t  a bea r ing   p re s su re   o f  51 7 kPa 
(75  psi) only ,  on t h e   c o n c r e t e   s u r f a c e .  

Nan ina l   g round   speeds   fo r   t hese  tests were 32, 64,  and 80 km/hr (20, 40,  
and 50 mph) . The m a j o r i t y  of tests were made on a d r y   s u r f  ace: however , some 
tests were made wi th   each   sk id   on  a w e t t e d   a s p h a l t   s u r f a c e .  For t h e s e  tests, 
t h e   s u r f a c e  was wetted to a minimum depth  of  0.76 mm (0.03 i n . ) .  For a l l  
tests, wet or d r y ,   a n   e f f o r t  was made dur ing   each   pass  to avo id   p rev ious   sk id  
tracks. 

RESULTS AND DISCUSS ION 

The d r a g   f r i c t i o n   c o e f f i c i e n t  and wear were de te rmined   fo r   each   o f   t he  
f o u r   s k i d s  a t  each test c o n d i t i o n .  The f r i c t i o n   c o e f f i c i e n t  was ob ta ined  by 
d iv id ing   t he   d rag   fo rce   deve loped   be tween   t he   sk id  and t h e  runway s u r f a c e  by 
t h e   v e r t i c a l   l o a d   a p p l i e d  to t h e   s k i d .   O s c i l l a t i o n s   o c c u r r e d   i n   b o t h   t h e   d r a g  
and v e r t i c a l   f o r c e s   a b o u t  a f a i r e d   l e v e l  wh ich   r ema ined   e s sen t i a l ly   cons t an t  
t h roughou t   each   pas s .   These   o sc i l l a t ions  were more pronounced  on  the  concrete  
s u r f a c e   t h a n  on t h e   a s p h a l t   a n d  were a t t r i b u t e d  to m o t i o n s   i n   t h e  test f i x t u r e  
and v e h i c l e ,  runway roughness ,  and a s e l f - e x c i t a t i o n  due to a s t i c k - s l i p  phe- 
nomenon typical o f   sk ids .   Sk id   s e l f - exc i t a t ion   can   cause  a sk id - type   l and ing  
gear  to become dynamical ly   unstable .   This   problem is examined i n   r e f e r e n c e s  8 
and 9. A wear index was ob ta ined   fo r   each   sk id - su r f  ace combination by r e l a t i n g  
t h e   s k i d  wear to t h e   s l i d i n g   d i s t a n c e .  The f o l l o w i n g   s e c t i o n s   d i s c u s s   t h e  
f r i c t i o n   c o e f f i c i e n t s  and wear indexes   ob ta ined   w i th   t he   sk ids   unde r   t he   va r -  
i o u s  t es t  c o n d i t i o n s .  

F r i c t i o n   C o e f f i c i e n t  

All t h e   f r i c t i o n   d a t a   o b t a i n e d   w i t h   t h e   f o u r   w i r e - b r u s h   s k i d s   o n   t h e   d r y  
a s p h a l t  and c o n c r e t e   s u r f a c e s  are p r e s e n t e d   i n   f i g u r e  4. The f i g u r e  shows t h a t  
t h e   l e v e l   o f   f r i c t i o n   c o e f f i c i e n t   d e v e l o p e d  by t h e s e   s k i d s  is t y p i c a l l y   b e t w e e n  
0.4  and 0.8. F r i c t i o n   c o e f f i c i e n t s   d e v e l o p e d  by t h e   f l a t - p l a t e   s k i d   o n   t h e  
same d r y   s u r f a c e s  are p r e s e n t e d   i n   f i g u r e   5 .  The effect   of   ground  speed  and 
b e a r i n g   p r e s s u r e s  on t h e   f r i c t i o n   c o e f f i c i e n t   d e v e l o p e d  by t h e   s k i d s  is d i s -  
c u s s e d   w i t h   t h e   a i d   o f   t h e s e   f i g u r e s   i n   t h e   f o l l o w i n g   p a r a g r a p h s .   S u b s e q u e n t  
p a r a g r a p h s ,   w i t h   t h e   a i d   o f   f i g u r e s  6 a n d   7 ,   d e s c r i b e   t h e   e f f e c t s   o n   t h e   f r i c -  
t i o n   l e v e l   a t t r i b u t e d  to t h e  runway s u r f a c e  and the   su r f ace   we tness   cond i t ion .  
The s e c t i o n   c o n c l u d e s   w i t h  a b r i e f   c o m p a r i s o n   o f   s k i d s   i n  terms of  developed 
f r i c t i o n .  

Ground  speed.- The e f f ec t   o f   g round   speed  on t h e   f r i c t i o n   c o e f f i c i e n t   f o r  
t h e   d i f f e r e n t   w i r e - b r u s h   s k i d s  is i l l u s t r a t e d   i n   f i g u r e  4 f o r   t h e   t h r e e  test 
b e a r i n g   p r e s s u r e s .  The f i g u r e  shows t h a t  a t  a g iven   bea r ing  pressure, t h e  
f r i c t i o n   c o e f f i c i e n t  is e s s e n t i a l l y   u n a f f e c t e d  by changes   in   the   g round  speed .  
F r i c t i o n   c o e f f i c i e n t s   d e v e l o p e d  by t h e   f l a t  plate, on the  other   hand,  are s e e n  
( f i g .   5 )  to dec rease   d i s t i nc t ly   w i th   i nc reas ing   g round   speed  on bo th   t he  
a s p h a l t  and c o n c r e t e   s u r f  aces. 
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Bear ing   pressure . -  The d a t a   o f   f i g u r e  4 also i n d i c a t e   t h a t ,   i n   g e n e r a l ,  
t h e   f r i c t i o n   c o e f f i c i e n t   d e v e l o p e d  by the   w i re -b rush   sk ids  a t  a given  ground 
speed  remained  constant  or i n c r e a s e d   s l i g h t l y   w i t h   i n c r e a s i n g   b e a r i n g   p r e s s u r e .  
T h i s   t r e n d  was o b s e r v e d   i n   t h e  tests o f   r e f e rence  1 on  the  same wire material. 
The f l a t - p l a t e   s k i d   d a t a   o f   f i g u r e  5 sugges t   t he   oppos i t e   t r end ,  as t h e   f r i c -  
t i o n   c o e f f i c i e n t s   f o r   t h e   h i g h e r   b e a r i n g   p r e s s u r e s  appear to b e   s l i g h t l y  lower 
t h a n   t h o s e   f o r   t h e  lower p r e s s u r e s .  

Runway su r face . -  The f r i c t i o n   c o e f f i c i e n t s   d e v e l o p e d  by wi re -b rush   sk ids  B 
and D a t  a bea r ing   p re s su re   o f  689 kPa (100 psi) and t h e   f l a t - p l a t e   s k i d  a t  a 
p res su re   o f  51 7 kPa (75 psi) are r e p l o t t e d   i n   f i g u r e  6 to i l l u s t r a t e   t h e   e f f e c t  
r u n w a y   s u r f a c e   h a s   o n   t h e   f r i c t i o n   c a p a b i l i t y   o f   s k i d s .   S k i d s  B and D were 
chosen  because most o f   t he  t es t  d a t a  were a c q u i r e d   w i t h   t h e s e   s k i d s .  The f i g -  
ure shows t h a t ,   f o r  a l l  s k i d s ,   t h e   f r i c t i o n   d e v e l o p e d   o n   t h e  test sur faces   used  
i n   t h i s   i n v e s t i g a t i o n  was h igher  on t h e   c o n c r e t e   t h a n  on t h e   a s p h a l t   s u r f a c e .  
T h i s   d i f f e r e n c e  is a t t r i b u t e d  to s u r f a c e   t e x t u r e .  The r e l a t i v e l y  smooth 
a s p h a l t   s u r f a c e   p r o d u c e d  less drag   on   the   sk ids   than   the  coarser conc re t e .  
S i m i l a r l y ,   t h e  coarse t e x t u r e   o f  the  c o n c r e t e   w i t h  t he  b u r l a p - b e l t   f i n i s h  
created more drag on t h e  s k i d s   t h a n   t h e  smoother c a n v a s - b e l t   f i n i s h  a s  i n d i -  
c a t e d  by t h e   d a t a  for s k i d  D. I n   a d d i t i o n ,  t h e  f r i c t i o n   l e v e l  was probably 
in f luenced  by t h e   s h e a r   s t r e n g t h  of t h e   s u r f a c e   p a r t i c l e s .  The cement  used i n  
c o n c r e t e  runway c o n s t r u c t i o n  is s t ronge r   t han   t he   b inde r   u sed   i n   a spha l t   run -  
ways;  hence, a h igher   d rag  force is r e q u i r e d  to s h e a r   t h e   c o n c r e t e   s u r f a c e   p a r -  
t icles,  and h i g h e r   v a l u e s   o f   f r i c t i o n   c o e f f i c i e n t  are produced. 

Surface  wetness . -  For one series of tests t h e   a s p h a l t  runway was wetted to 
a minimum water depth  of  0.76 mm (0.03 i n . )   i n   a n   a t t e m p t  to o b t a i n   a n  indica- 
t i o n   o f  t h e  e f f e c t   o f   t h e   l u b r i c a t i o n   p r o v i d e d  by s u r f a c e   w e t n e s s  on t h e   s k i d  
f r i c t i o n   c h a r a c t e r i s t i c s .  The resul ts  from t h e s e  tests are p r e s e n t e d   i n   f i g -  
u r e  7 toge the r   w i th   t he  resul ts  from  corresponding tests conducted when t h e  
surface was dry.  The data s h o w  t h a t   t h e   f r i c t i o n   c o e f f i c i e n t   d e v e l o p e d  by t h e  
wi re -b rush   sk ids ,   un l ike  braked t i r e s ,  w a s  not  degraded by s u r f a c e   w e t n e s s .  
I n   f a c t ,   t h e   l e v e l   o f   f r i c t i o n   d e v e l o p e d  on the  wet surface by the  wire-brush 
s k i d s  was h ighe r   t han   t ha t   ob ta ined   on  the  dry  surface,  perhaps  as a r e s u l t  of 
t h e   c o o l i n g   e f f e c t   p r o v i d e d  by the  water which  reduced s t r u c t u r a l  losses i n   t h e  
s k i d  due to hea t .  A s  e x p e c t e d ,   t h e   l e v e l   o f   f r i c t i o n   d e v e l o p e d  by t h e  f l a t -  
p l a t e   s k i d  was lower on  the wet s u r f a c e   t h a n  on t h e   d r y  because of l u b r i c a t i o n  
e f f e c t s .  The data o b t a i n e d   w i t h   t h e   f l a t - p l a t e   s k i d  show t h a t   f r i c t i o n   c o e f f i -  
c i e n t  was a f f e c t e d  by ground  speed  on  the wet surface as well as on the   d ry .  

Comparison of s k i d s . -  The b a r   g r a p h   i n   f i g u r e  8 compares t h e   f r i c t i o n  
c o e f f i c i e n t   d e v e l o p e d  by t h e   d i f f e r e n t   s k i d s  a t  two b e a r i n g   p r e s s u r e s  and two 
ground  speeds on t h e   a s p h a l t  runway.  The f i g u r e  shows t h a t   w i r e - b r u s h   s k i d  A 
developed the h i g h e s t   v a l u e   o f   f r i c t i o n   c o e f f i c i e n t  and s k i d  D t h e  lowest. I n  
g e n e r a l ,   t h e  wire-brush s k i d s  f a b r i c a t e d   o f  smaller wire diameter  and/or 
smaller k n o t   d i a m e t e r   d e v e l o p e d   t h e   h i g h e s t   f r i c t i o n   c o e f f i c i e n t s .  The f l a t -  
p l a t e   s k i d s   d e v e l o p e d   r e s p e c t a b l e   v a l u e s   o f   f r i c t i o n   c o e f f i c i e n t ,   b u t ,  as shown 
p r e v i o u s l y ,  are a f f e c t e d  more by ground speed, b e a r i n g   p r e s s u r e ,  and s u r f a c e  
wetness   than are the   wi re-brush  s k i d s .  

Al though  the tests i n   t h i s   i n v e s t i g a t i o n  were made a t  l o w  ground speeds, 
t h e   d a t a   h a v e   i n d i c a t e d   t h a t  a s u i t a b l e   f r i c t i o n   c o e f f i c i e n t  was developed  by 
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wire-brush  skids   and was e s s e n t i a l l y   i n d e p e n d e n t  of fo rward   speed   and   su r f ace  
wetness  and is g e n e r a l l y   i n c r e a s e d   s l i g h t l y   w i t h   i n c r e a s i n g   b e a r i n g   p r e s s u r e .  
Hence, it appears t h a t   w i r e - b r u s h   s k i d s  are capable of   deve loping   cons tan t  
f r i c t i o n   l e v e l s  as h igh  as or h ighe r   t han   t hose   deve loped   by   an   an t i sk id -  
braked   wheel   wi th  a rubber  t i r e  on  a d r y   s u r f a c e .  The major improvement, 
however ,   would  be  ant ic ipated a t  t h e   h i g h   g r o u n d   s p e e d s ,   p a r t i c u l a r l y  when 
t h e   s u r f a c e  is w e t .  

Sk id  Wear 

F igure  9 shows the   measu red   sk id   we igh t  loss, which was confirmed by trim 
length   measurements ,  a t  i n t e r v a l s   o f   a p p r o x i m a t e l y  396 m (1300 f t )   o v e r  a to ta l  
s l i d i n g   d i s t a n c e   o f   1 5 8 5  m (5200 f t )   f o r   w i r e - b r u s h   s k i d s  B and D o n   t h e   d r y  
a s p h a l t  runway.  The d a t a   o f   t h i s   f i g u r e   i n c l u d e   t h e   t h r e e  test b e a r i n g  pres- 
su res ,   and   t he   g round   speed  was a nominal 80 km/hr (50  mph) . The d a t a   i l l u s -  
t r a t e  t h e   l i n e a r   r e l a t i o n s h i p   w h i c h   e x i s t s   b e t w e e n   t h e   s k i d  wear a n d   t h e  t ra-  
v e r s e d   d i s t a n c e .   S k i d  wear over  a g i v e n   d i s t a n c e  is shown t o  i n c r e a s e   w i t h  
i n c r e a s i n g   b e a r i n g   p r e s s u r e .   T h e  slope o f   cu rves   such  as t h o s e   o f   f i g u r e  9 
d e s c r i b e s   t h e   s k i d  wear i n  terms of mass loss per u n i t   s l i d i n g   d i s t a n c e .  A 
d i r e c t   c o m p a r i s o n   o f  wear be tween   t he   va r ious  t es t  s k i d s  is  not   meaningfu l ,  
h o w e v e r ,   s i n c e   t h e i r   c o n t a c t  areas d i f f e r e d .   ( S e e   t a b l e  I.) Thus, t o  permit 
sk id   compar i sons ,  a wear index  was c a l c u l a t e d   f o r   e a c h   s k i d .  The  index is 
d e f i n e d  as t h e  ra t io  of t h e  volume  of  skid material removed to t h e  s k i d  c o n t a c t  
area per u n i t   s l i d i n g   d i s t a n c e .   U n l i k e   f r i c t i o n   m e a s u r e m e n t s ,  wear measure- 
m e n t s   o n   t h e   c o n c r e t e   s u r f a c e   i n c l u d e d   t h a t   w h i c h  t o o k  place on  the  combined 
c a n v a s - b e l t   a n d   b u r l a p b e l t   f i n i s h e s .  The wear i n d e x e s   f o r  a l l  wire-brush 
s k i d s  are summarized i n   f i g u r e   1 0  t o  show t h e   e f f e c t s  of ground  speed  and bear- 
i n g   p r e s s u r e .   T h e s e   e f f e c t s ,   t o g e t h e r   w i t h  a compar ison   of   sk id  wear charac-  
terist ics,  are d i s c u s s e d   i n   t h e   f o l l o w i n g   p a r a g r a p h s .  

Ground  speed . -   The   var ia t ion   o f   the  wear index   w i th   g round   speed   fo r   t he  
wi re -b rush   sk ids  a t  v a r i o u s   b e a r i n g   p r e s s u r e s   o n   a s p h a l t   a n d   c o n c r e t e   s u r f a c e s  
is shown i n   f i g u r e  10.  The  closed  symbols are used to deno te  when some wires 
i n   t h e   s k i d   f a i l e d   b e c a u s e  of f a t igue ,   wh ich  is a t t r i b u t e d  t o  f r i c t i o n a l  self- 
e x c i t a t i o n .  The wires i n   s k i d s  A and C, t h e  smaller k n o t   s i z e ,  showed a 
greater tendency to  f a i l   t h a n   t h o s e   i n   s k i d s  B and D,  and t h i s   f a i l u r e  was 
e s p e c i a l l y   p r o n o u n c e d   o n   t h e   c o n c r e t e   s u r f a c e .   I n  tests where wire f a t i g u e  
o c c u r r e d ,   t h e  wear index  was de termined   f rom  the  wire trim l e n g t h   r a t h e r   t h a n  
a c t u a l   w e i g h t  loss. The data o f   f i g u r e   1 0   i n d i c a t e   t h a t  a t  a g i v e n   b e a r i n g  
p r e s s u r e   t h e  wear i n c r e a s e s   w i t h   i n c r e a s i n g   g r o u n d   s p e e d   o n   b o t h  test s u r f a c e s .  
T h e   i n c r e a s e   i n  wear is a t t r i b u t e d  to  a n   i n c r e a s e   i n  temperature which  occurs  
wi th   i nc reas ing   speed  a t  t h e   s k i d   c o n t a c t i n g   s u r f a c e .  The   con tac t   su r f ace   o f  
some s k i d s  was d i s c o l o r e d  from h e a t   a f t e r   t e s t i n g ,  and temperatures of t h i s  
sur face ,   measured  by a p y r m e t e r   w i t h i n  1 min a f t e r   comple t ion   o f   each  pass, 
reached   va lues   up  to 176O C (350° F). Higher   t empera tures  were noted  when t h e  
s k i d s  were o p e r a t i n g   o n   t h e   c o n c r e t e   s u r f a c e   t h a n   o n   t h e   a s p h a l t   s u r f a c e .  

Bear ing   pressure . -   F igure   10  also s h o w s   t h e   e f f e c t  of b e a r i n g   p r e s s u r e   o n  
wi re -b rush   sk id  wear. The d a t a   i n d i c a t e   t h a t   o n   b o t h   a s p h a l t  and   concre te  s u r -  
faces a t  a g iven   ground  speed   sk id  wear i n c r e a s e d   a p p r e c i a b l y   w i t h   i n c r e a s i n g  
b e a r i n g   p r e s s u r e .  The d a t a  also show t h a t   t h e  ra te  of wear i n c r e a s e   w i t h  
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ground   speed   t yp ica l ly  was g r e a t e r  a t  t h e   h i g h e r   b e a r i n g   p r e s s u r e   a n d  was more 
p r o n o u n c e d   o n   t h e   c o n c r e t e   s u r f a c e   t h a n   o n   t h e   a s p h a l t   s u r f a c e .   T h e   i n c r e a s e d  
wear a t  t h e   h i g h e r   b e a r i n g   p r e s s u r e  is probably  a lso i n f l u e n c e d  by t h e   h i g h  
t empera tu res   gene ra t ed  a t  t h e  s k i d  c o n t a c t   s u r f a c e .  

Runway surface.-   The effect of runway surface o n   s k i d  wear f o r   s k i d s  B 
and D a t  b e a r i n g   p r e s s u r e s   o f  345 and 689 kPa (50 and 100 psi)  is shown i n  
f i g u r e  11. The data show t h a t  t h e  l e v e l   o f  s k i d  wear and t h e  ra te  of wear 
increased   wi th   g round  speed   and  were h i g h e r   o n   t h e   c o n c r e t e   s u r f a c e   t h a n   o n  
a s p h a l t ,   p r o b a b l y  for t h e  same r e a s o n s   g i v e n   p r e v i o u s l y   f o r   t h e   f r i c t i o n  
c o e f f i c i e n t ,  namely, t h e   g r e a t e r   s h e a r   s t r e n g t h   a n d   s u r f a c e   t e x t u r e  of t h e  
c o n c r e t e .  

Comparison  of s k i d s . -  T h e   b a r   g r a p h   i n   f i g u r e  12 compares t h e  wear of t h e  
wire-brush s k i d s  o n   t h e  asphalt  surface a t  t w o  bea r ing   p re s su res   and   g round  
speeds. The data show t h a t ,   i n   g e n e r a l ,   t h e   s k i d s   f a b r i c a t e d  from t h e  larger 
d iameter   knots ,  s k i d s  B and D ,  e x h i b i t e d   t h e  better wear c h a r a c t e r i s t i c s .  A s  
w a s  shown i n   f i g u r e  8, it appears t h a t  l o w  wear rates are genera l ly   accompanied  
by l o w  f r i c t i o n   l e v e l s .  

Runway Surf ace Damage 

One possible d e t r i m e n t a l  effect  of   us ing  s k i d s  to  p r o v i d e   t h e   b r a k i n g  
force for a n   a i r p l a n e  or s p a c e c r a f t  is t h e  damage t h e  s k i d s  cou ld  impart to 
t h e  runway s u r f a c e .  An i n d i c a t i o n  of runway surface wear caused by t h e   s k i d s  
u s e d   i n   t h i s   i n v e s t i g a t i o n  was o b t a i n e d   b y   m e a s u r i n g   t h e   a v e r a g e   t e x t u r e   d e p t h  
of t h e  s u r f a c e   i n  t h e  s k i d  track a n d   t h e   a v e r a g e   t e x t u r e   d e p t h   i n   a n   a d j a c e n t  
u n t r a f f i c k e d  area and  comparing  the t w o .  The r e s u l t s   g a v e  no s i g n i f i c a n t   d i f -  
f e r e n c e   i n  t h e  t e x t u r e  depths. V i s u a l   i n s p e c t i o n  of t h e  s k i d  tracks showed 
ve ry  l i t t l e  s u r f a c e  damage as ev idenced   by   the   photographs  of t h e  s k i d  tracks 
i n   f i g u r e  13. These  s k i d  t racks were made by  towing t h e   s k i d s   o v e r  a c o n c r e t e  
surface under a b e a r i n g   p r e s s u r e  of 689 kPa (100 p s i ) .  Skid  tracks o n   t h e  
a s p h a l t   s u r f a c e  were h a r d l y   v i s i b l e .  The s u r f a c e  damage t h a t  d i d   o c c u r  
appeared  to  be more i n   t h e  form o f   a n   a b r a s i v e   s c r u b b i n g   a c t i o n   r a t h e r   t h a n  
p h y s i c a l  damage,  and  movies as well as g e n e r a l   o b s e r v a t i o n s  showed t h a t  t h e  
s k i d s  created c o n s i d e r a b l e  d u s t  d u r i n g  t h e  tests. Perhaps more s e r i o u s   t h a n  
t h e   d u s t ,  runway con tamina t ion   i n   t he   fo rm  o f   b roken  wires from s k i d s  A and C ,  
t h e  smaller k n o t   s i z e ,   c o u l d  cause p r o b l e m s ,   e s p e c i a l l y   o n   c o n c r e t e   s u r f a c e s  
such  as t h o s e  of t h i s   i n v e s t i g a t i o n .  

CONCLUDING REMARKS 

An i n v e s t i g a t i o n  was conducted to  e x a m i n e   t h e   f r i c t i o n   a n d  wear c h a r a c t e r -  
istics of wire-brush s k i d s  a n d   t h e   f r i c t i o n   c h a r a c t e r i s t i c s  of a f l a t - p l a t e  
s k i d .   T h e   t e s t i n g   t e c h n i q u e   c o n s i s t e d   o f   a t t a c h i n g   t h e   s k i d s  to  a test  f i x t u r e  
mounted  on a g r o u n d   v e h i c l e   a n d   s l i d i n g   t h e  s k i d s  ove r   bo th   a spha l t   and  con- 
crete  surfaces. Skid  drag force and wear behavior  were monitored a t  b e a r i n g  
p r e s s u r e s  from 345 to 689 kPa (50 to 100 ps i )  o v e r   d i s t a n c e s  up to  1585 m 
(5200 f t )  a t  ground speeds from 32 t o  80 km/hr (20 to  50 mph). 
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Under t h e  test c o n d i t i o n s  of t h i s   i n v e s t i g a t i o n ,   t h e   f r i c t i o n   c o e f f i c i e n t  
developed by wire-brush   sk ids  was found to  b e   e s s e n t i a l l y   i n d e p e n d e n t  of ground 
s p e e d ,   i n c r e a s e d   s l i g h t l y   w i t h   i n c r e a s i n g   b e a r i n g   p r e s s u r e ,  and was n o t i c e a b l y  
a f u n c t i o n   o f   r u n w a y   s u r f a c e   t e x t u r e .   F r i c t i o n   c o e f f i c i e n t s   r a n g e d   f r o m  0.4 
t o  0.6 on   the   asphal t   sur face   and   f rom 0.4 to 0.8 on  concrete .   These con- 
s t a n t   l e v e l s   o f   f r i c t i o n  are as h igh  as or h igher   than   those   deve loped  by a n  
an t i sk id-braked   wheel   wi th  a rubber t i r e  on a d r y   s u r f a c e .  However, u n l i k e  
braked t ires,  t h e   s k i d   f r i c t i o n   c o e f f i c i e n t  was not  degraded by a w e t  s u r f a c e .  
Sur face   wetness   and   increases   in   g round  speed  and bea r ing   p re s su re   appea red  to  
have an a d v e r s e   e f f e c t  on t h e   f r i c t i o n   c o e f f i c i e n t   d e v e l o p e d  by t h e   f l a t - p l a t e  
s k i d .   S k i d  wear was shown to i n c r e a s e   w i t h   i n c r e a s i n g   b e a r i n g   p r e s s u r e  and 
ground  speed and was g r e a t e r  on t h e   c o n c r e t e   s u r f a c e   t h a n   o n   t h e   a s p h a l t  
s u r f  ace. 

N o  runway s u r f a c e  damage was caused by t h e   s k i d s   o t h e r   t h a n  an a b r a s i v e  
scrubbing  act ion.   However ,  runway c o n t a m i n a t i o n   i n   t h e  form  of  broken wires 
from  the  brushes  with a smaller kno t   s i ze   cou ld  create problems. 

Langley  Research Center  
Nat iona l   Aeronaut ics   and   Space   Adminis t ra t ion  
Hampton, VA 23665 
J u l y  11 , 1979 

8 



REFERENCES 

1.   Dreher ,  Robert C.: S t u d i e s  of F r i c t i o n  and Wear C h a r a c t e r i s t i c s  of Var ious  
Wires for Wire-Brush  Skids.  NASA TN D-8517, 1977. 

2. Dreher ,  Robert C.; and Batterson, S idney  A.: C o e f f i c i e n t s  of F r i c t i o n  
and Wear C h a r a c t e r i s t i c s   f o r   S k i d s  Made of Var ious  Metals on Concrete, 
Asphalt ,   and  Lakebed  Surf aces. NASA TN D-999, 1 962. 

3. Tebben,  Gerald D.: An I n v e s t i g a t i o n  of t h e   C o e f f i c i e n t s   o f   F r i c t i o n   a n d  
Wear P r o p e r t y   o f  Wire Brush  Skids   Constructed  With Ren6 41 Bristles. 
Tech. Doc. Rep. No .  64-11, U.S. A i r  Force ,  Aug. 1964.   (Avai lab le  from 
DDC as  AD 446 199.) 

4.  Howard, H. W.: X-20 (Dyna-Soar)  Landing Gear Developnent   and   Qual i f ica t ion  
Program. SEG-TDR-64-17,  U.S. A i r  Force,   June  1964. 

5 .   Tes t  Report fo r   Eva lua t ion   o f  Wire Brush  Skid  Landing Gear on  Dry L a k e  Bed 
and  Concrete  Surf aces f o r  Model X- 15   Ai rp lane   Per  ECP X- 15- 130 (NAA Model 
NA-240). NA-61-876, North  American  Aviat ion,   Inc. ,  Nov. 7,   1961. 

6.  Wilson,  Ronald J.: Drag  and Wear C h a r a c t e r i s t i c s   o f   V a r i o u s   S k i d   M a t e r i a l s  
on Di s s imi l a r   Lakebed   Su r faces   Dur ing   t he   S l ideou t   o f   t he  X-15 Airplane. 
NASA TN D-3331, 1966. 

7. Le land ,   T ra f fo rd  J. W. ; Yager, Thomas J. : and  Joyner,  Upshur  T.: E f f e c t s  of 
Pavement  Texture  on Wet-Runway Braking  Performance. NASA TN D-4323, 1968. 

8.   Fecher,   Donald J.: C e r v e l l i ,   R o b e r t  V.: a n d   S t o u t ,   G i l b e r t  T.:  Advanced 
Undercar r iage   Sys tems.   Par t   1 .   S ta te -of - the-Ar t   and   Pro jec ted  R e q u i r e -  
ments.  FDL-TDR-64-143, P t .   1 ,  U.S. A i r  Force ,  May 1965.   (Avai lable   f rom 
DDC a s  AD 465 714.) 

9.   Fecher , Donald J. : and C e r v e l l i ,   R o b e r t  V. : Advanced Undercarr iage  Systems.  
P a r t  11. Undercarr iage  Design €or a Spec i f ic   Re-Ent ry   Vehic le .  
FDL-TDR-64-143, P t .  11, U.S. A i r  Force ,  May 1965.   (Avai lable   f rom 
DDC a s  AD 465 938.) 

9 



T A B U  I.- TEST SKID PARAMETERS 

[ W i r e - b r u s h   s k i d   i n i t i a l  trim l e n g t h ,  5.08 cm (2.00 i n . ) ;  
17-7 PH s t a i n l e s s - s t e e l   w i r e ]  

? 

Wire I n i t i a l  mass Knot Wires Kno t s   Sk id   con tac t  
Wire-brush of wire diameter per Per area diameter  

s k i d  . s k i d  3 knot  
mm 

Ibm I kg i n2 m 2   i n .  mm i n .  

A 

8.39 3.80  15.12 9755.4 186 115 .38 9.5  .030 .76 D 
2.47 1.12 4.46 2877.6 243 26 .19 4.7 .030  .76 C 
7.28 3.30 13.15 8484.4 186 225 .38 9.5  .020 .51 B 
2.11 0.96 3.82 2464.6 243  50  0.19 4.7 0.020  0.51 

F la t -p l a t e   sk id   D imens ions  - 1 9  x 7.6 x 1.27 cm (7 .5  x 3 x 0.5   in . )  
(AISI type 416 Contac t  area - 145.0 cm2 (22 .5   i n2 )  
s t a i n l e s s  steel) I n i t i a l  mass - 1.5 kg (3.31  lbm) 

? 

Wire I n i t i a l  mass Knot Wires 
Wire-brush of wire diameter per diameter  

s k i d  I 
mm 

Ibm I kg i n2 m 2   i n .  mm i n .  
knot . i skid 

A 

8.39 3.80  15.12 9755.4 186 115 .38 9.5  .030 .76 D 
2.47 1.12 4.46 2877.6 243 26 .19 4.7 .030  .76 C 
7.28 3.30 13.15 8484.4 186 225 .38 9.5  .020 .51 B 
2.11 0.96 3.82 2464.6 243  50  0.19 4.7 0.020  0.51 

F la t -p l a t e   sk id   D imens ions  - 1 9  x 7.6 x 1.27 cm (7 .5  x 3 x 0.5   in . )  
(AISI type 416 Contac t  area - 145.0 cm2 (22 .5   i n2 )  
s t a i n l e s s  steel) I n i t i a l  mass - 1.5 kg (3.31  lbm) 
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S k i d  A S k i d  B S k i d  C S k i d  D 

(a) Before tests. 

Figure 1 .- Photograph of test  skids. 

L-79-198 



Skid  A Sk id  B Sk id  C Sk id '  D F l a t - p l a t e  s k i d  

*' 

L-79-1190.1 
(b) After tests. 

Figure 1 .- Concluded. 



L-78-246 5.1 
Figure 2.- Ground test  vehicle used i n  tests. 



Figure  3.-  Closeup  of tes t  f i x t u r e  mounted on ground test veh ic l e .  
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(a) Asphalt. 

Figure 4.- Variation of friction  coefficient with ground  speed for 
wire-brush s k i d s  on the various  dry test  surfaces. 
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(b) Bur lap-bel t f i n i s  h concrete . 
Figure 4.- Continued. 
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Figure 4.- Concluded. 
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Figure 6.- Effect of  runway surface on friction  coefficient developed by sk ids .  
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asphalt  surface. Bearing pressure, 689 kPa (100 psi). 
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Figure 13.- Tracks made by sk ids  under a bearing  pressure of 689 kPa (100 psi)  on  concrete  surface. 
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